ABSTRACT
INTRODUCTION
A pseudostratified mucosal barrier consisting of a multitude of cell types functions as the initial protective interface between the internal milieu of the lung and the external environment of microorganisms, aeroallergens and noxious gases within the human respiratory tract. A range of junctional complexes including tight junctions, adherens junctions, GAP junctions, desmosomes and connexins maintain this protective barrier. Tight junctions (TJ) are typically located at the apical borders of adjacent epithelial cells where they serve to regulate the movement of ions and solutes as well as to prevent unwanted migration of pathogens and their products to the sub-epithelial space (1) . A compromised epithelial barrier function, including disruption in the TJ protein, zonula occludens protein-1 (ZO-1) has been shown to increase the paracellular traffic of pathogenic molecules into the lung interstitium (2) . Furthermore, a compromised barrier integrity has also been correlated to the release of pro-inflammatory cytokines including interlukin-8 (CXCL8), eotaxin (CCL11), regulated on activation, normal T-cell expressed and secreted (RANTES/CCL5), interferon-inducible protein-
(CXCL10) and macrophage inflammatory protein 1α (CCL3) (3).
Airway barrier integrity may become compromised after exposure to injurious stimuli including airborne pollutants, aeroallergens, bacteria and respiratory viruses. Respiratory viruses such as human rhinovirus (HRV) are common insults to the airway epithelium. Despite evidence suggesting that a significant reduction in TJ protein expression and a disassembly of the apical junction proteins is associated with an attenuated barrier function (2, 4, 5) , the pathways involved in the regulation of airway epithelial TJ proteins following HRV infection and the effects on barrier function are not well understood. Furthermore, altered expression of a single TJ is commonly reported within the literature and most studies rarely assess the interactions and expression of multiple TJs following airway insults. Hence, translation of such research findings often remains a challenge due to the multitude of junctional proteins and the potential compensatory effects in response to airway insults. In addition, there is evidence demonstrating the direct expression relationships between different TJs and epithelial integrity (6, 7) . Three of note include; claudin-1, which is ubiquitously expressed within the human airways (8) ; occludin and ZO-1, both of which have been demonstrated to being integral in the maintenance of epithelial integrity (9, 10) .
Hence, this investigation was conducted to investigate any direct correlation between HRV infection, altered TJ expression and transepithelial permeability by utilizing hTERT modified human airway epithelial cells (AEC) . Specifically, this study tested the hypothesis that TJ protein expression of claudin-1, occludin and ZO-1 would be significantly reduced following HRV infection resulting in increased epithelial permeability. We performed all experiments on undifferentiated cultures grown in monolayer culture, since it has previously been shown that differentiated cultures are more resistant to HRV infection (11) and that basal cells are the primary target of HRV (12) . This allowed us to clearly identify the dissociative effects of HRV infection on multiple epithelial junctional proteins as well as correlating these effects with attenuation of barrier functionality.
Our results show a time and TCID50-dependant effect of viral infection on cell viability, while infection resulted in significant increases in both cellular apoptosis and viral replication that correlated to viral titres. In addition, protein expression for claudin-1, occludin and ZO-1 was significantly reduced following HRV-1B infection. Concomitant with this decrease, epithelial permeability was significantly increased following infection. Furthermore, expression of 58 genes encoding epithelial tight junctional proteins such as claudin-1, occludin and ZO-1 were downregulated following HRV infection. Gene network reconstruction identified a signalling pathway in which gene expression of TJ were potentially mediated via an anti-viral response of IL-15.
Collectively, these observations show that infection with HRV-1B in healthy AEC directly alters TJ protein expression, resulting in a disruption of epithelial barrier integrity through junctional disassembly, subsequently leading to an attenuated barrier function.
MATERIALS AND METHODS

Patient and sample collection
Airway epithelial cells were obtained from 3 children with no history of asthma (Table 1) undergoing elective surgery for non-respiratory-related conditions. Children with an existing bacterial or viral chest infection were excluded from the study. Primary AECs were isolated and established as previously described (13) (14) (15) (16) . The study was approved by both Princess Margaret Hospital for Children and St John of God Hospital's Human Ethics Committee.
Cells
Human airway epithelial cells, modified by hTERT to express exogenous telomerase, (NuLi-1) were obtained from the American Type Culture Collection (ATCC). Cells were cultured in bronchial epithelial basal medium (BEBM) supplemented with SingleQuot additives (Lonza) and maintained at 37°C in an atmosphere of 5% CO2 / 95% air. For expansion, cells were washed with HEPES buffered saline solution (HBSS) (Lonza) and detached from the culture vessels by incubating with Trypsin-Ethylenediaminetetraacetic acid (T-EDTA) (Lonza) solution for 4 minutes (min) at 37°C.
Culture vessels were then washed with Trypsin Neutralizing Solution (Lonza) and culture media and the resulting cell suspension collected and centrifuged at 500 g for 7 min at 4°C. The supernatant was then aspirated and the cell pellet re-suspended in the growth medium. A total cell count and viability stain was also performed. Cells were plated at 2 x 10 4 cells/cm 2 into new tissue culture vessels and maintained as described above.
Rhinovirus and titrations
Human rhinovirus minor serotype 1B (HRV-1B) was provided by Professor Peter Wark (Hunter Medical Research Institute, Newcastle, NSW, Australia). To determine viral titers, MRC-5 cells were grown in 96-well flat bottom tissue culture plates and infected with 10-fold serial dilutions of virus in 8 replicates. Culture plates were incubated for 5 days and the wells assessed daily for cytopathic effect (CPE) by microscopic evaluation. The tissue culture infectivity dose (TCID50) of the virus was calculated based upon the 5 day CPE utilizing the Reed Muench method. All HRV-mediated responses were confirmed to be specific to active virus, since UV-inactivation of viral stocks for 120 min resulted in a lack of replication in MRC-5 cells (data not shown).
Infection of cell cultures
Cells were grown on tissue culture plates or inserts, were infected with HRV-1B or an equivalent volume of UV-inactivated sham control and incubated over 72 hours depending on the assay. Briefly, growth media was replaced with fresh basal media and subsequently infected with HRV-1B at a 50%
Tissue Culture Infectivity Dose (TCID50) of 2.5, 10, 20, 40 or 80 x 10 4 TCID50/ml. After each incubation period, media was collected and stored at -80°C and cells utilized in various downstream functional assays. Primary AECs were similarly grown on tissue culture plates or inserts and infected with HRV-1B at a 50% Tissue Culture Infectivity Dose (TCID50) of 10 x 10 4 TCID50/ml for 24 hours.
We have previously demonstrated a dose and time dependent effect of HRV-1B on cell viability above this dose on primary AECs (17) . At the end of the incubation period, media was similarly collected, stored at -80°C and cells used for membrane tight junction protein and epithelial permeability assessment.
Cell viability assay
To determine the effects of HRV-1B on viability, cells were seeded into 96-well plates and grown to 80% confluence. HRV-1B was added to the wells between 2.5 x 10 4 and 80 x 10 4 TCID50/ml for 24, 48 and 72 h. Following exposure, cell viability was assessed using a 3-[4,5-dimethylthiazol-2yl]-5-
.
Single-stranded DNA (ssDNA) apoptosis assay
To determine the percentage of cells that underwent apoptosis during HRV exposure, a ssDNA apoptosis ELISA kit was utilized as previously described (19) . This procedure is based upon the selective denaturation of DNA in apoptotic cells by formamide and the detection of denatured DNA with a specific monoclonal antibody for ssDNA. Briefly, cells were plated onto 96-well microplates pre-coated with fibronectin (10 mM) at a seeding density of 6 x 10 4 cells/cm 2 and incubated at 37°C
in an atmosphere of 5% CO2 / 95% air in BEBM containing growth supplements as described earlier.
Cells were then infected with HRV-1B at three viral concentrations: 2.5 x 10 4 TCID50/ml, 10 x 10 4 TCID50/ml and 80 x 10 4 TCID50/ml for 24 hours. Cells were fixed and the assay as performed in accordance with the manufacturer's instruction (Chemicon).
Quantification of HRV viral copy number
Viral copy number was determined quantitatively via two-step RT-PCR reactions using a HRV-1B advanced kit (PrimerDesign Ltd) in combination with MultiScribe™ Reverse Transcriptase and Taqman Universal Master Mix (Thermo Fisher Scientific) as previously described (19) .
In-Cell Western ™ Assay
Cells were plated at 1. 
Transepithelial permeability
Cells were plated at a seeding density of 1.2 x 10 5 cells/cm 2 onto rat-tail collagen coated culture inserts (BD Biosciences) and maintained as described earlier. When confluent, transepithelial permeability was assessed using a transepithelial permeability assay with fluorescein isothiocynate labeled dextran (FITC-dextran) to determine apparent permeability of HRV-1B infected and noninfected control inserts. Growth media within the apical and basolateral compartments was replaced with HEPES buffered Hank's balanced salt solution (HBSS-HEPES). FITC-dextran of molecular weight 4kDa or 20kDa (2 mg/ml) was added to the apical chamber and 50 µl of this solution immediately sampled. A 500 µl volume of solution was removed from the basolateral compartment at hourly intervals for a period of 6 hours. The volume of the basolateral compartment was maintained by addition of fresh buffered HBSS-HEPES. All experiments were performed at 37°C and on a calibrated orbital shaker at 300 rpm to minimize the unstirred water layer. Fluorescence of FITCdextran was detected using an Enspire multilabel fluorescence counter (PerkinElmer) at an excitation wavelength of 492 nm and emission wavelength of 520 nm. The apparent permeability of the epithelial monolayer to FITC-dextran from the apical to basolateral compartment (Papp) was then calculated as previously described (20) . To gain insight into the relationship between human TJ genes and genes involved in the anti-viral response, the wiring network of these genes was reconstructed in the context of known biological response and regulatory networks using Ingenuity ® Pathways Analysis (IPA ® ).
Statistics
Before statistical evaluation, all results were tested for population normality and homogeneity of variance. Experiments were performed in at least triplicates and all data was considered nonparametric. For these data, analysis was performed using Kruskal-Wallis test with Dunn's multiple comparison post-hoc test. Data was presented as whisker box plots (median, Min -Max) and all p values less than 0.05 were considered to be significant.
RESULTS
Effect of human rhinovirus infection on airway epithelial viability, apoptosis and viral replication
Although HRV has been reported to have a cytotoxic effect on primary airway epithelial cells (21), the effects on epithelial tight junction and barrier function together, remains largely unanswered.
Hence cytotoxicity assays were performed initially to determine the effects of HRV-1B infection on cell viability. 
Effect of human rhinovirus infection on membrane tight junction disassembly
In-Cell ™ Western assays were utilized to corroborate membrane protein disassembly of claudin-1, occludin and ZO-1. There was high endogenous occludin expression (0.038AU ± 0.007) within the airway epithelial cells, while, endogenous claudin-1 and ZO-1, which demonstrated similar levels of expression were significantly lower (0.015AU ± 0.002 and 0.016AU ± 0.002 respectively) ( Figure   2A and C -non-infected; p<0.05). Following HRV-1B infection at a low viral titer to simulate chronic infectivity (2.5x10 4 TCID50/ml), a significant decrease in claudin-1 expression (0.007AU ± 0.0002; p<0.05) was observed and although both occludin and ZO-1 expression was reduced (0.02AU ± 0.001 and 0.012AU ± 0.0004 respectively), this did not reach statistical significance. When infected at a higher viral titer, similar to an acute infection (20x10 4 TCID50/ml), significant decreases in all membrane protein expressions of claudin-1 (0.007AU ± 0.0001; p<0.05), occludin (0.016AU ± 0.002; p<0.05) and ZO-1 (0.007AU ± 0.00009; p<0.05) were observed compared to controls ( 
Effect of human rhinovirus infection on transepithelial permeability
Epithelial paracellular permeability is a key functional indicator of cellular junctional integrity. Moreover, elevated permeability to FITC-dextran 4kDa was observed to be significantly higher (292.6 ± 2.4 x 10 -4 cm/sec and 357.9 ± 12.2 x 10 -4 cm/sec) when compared to 20kDa (249.8 ± 10.33x 10 -4 cm/sec and 302.2 ± 7.2 x 10 -4 cm/sec) post-infection with both viral titres respectively ( Figure   2E ; p<0.05).
When transepithelial permeability was assessed in primary AECs, similar significant increase in epithelial permeability to FITC-dextran 4kDA was observed post-infection when compared to controls ( Figure 2F ; p<0.05). In addition, increased permeability to FITC-dextran 4kDa was similarly observed to be significantly higher when compared to 20kDa, at non-infected and post-infection levels ( Figure 2F ; p<0.05).
Effects of HRV-1B infection on mRNA expression of tight junction and anti-viral responses
In order to directly correlate HRV infection with altered expression in tight junction associated proteins, a RT 2 Profiler focused qPCR was performed. Following infection with HRV-1B for 9 hours, 58 genes encoding for epithelial tight junctional proteins were down-regulated with the most downregulated being CLDN8 (14.2-fold). Conversely, 26 genes were up-regulated following HRV-1B infection, with the most up-regulated being Crb3 (1.9-fold). From our data, significant downregulation was observed for CLDN8 (14.2-fold), PTEN (3.5-fold), CLDN12 (2.3-fold), ASH1L (1.9-fold), and TJP1 (ZO-1) (1.3-fold) ( shown to be up-regulated post infection, with the most significant being IFNA2 (6.1-fold) ( Table 3; p<0.05). Of these, 36 genes were determined to be significantly up-regulated (Table 3 ; p<0.05).
Network interactions of tight junction genes and anti-viral responses
Utilizing the molecular interaction data from the Ingenuity Systems Knowledge base to construct a network interaction diagram, our analysis revealed that tight junction protein 1 (TJP1) or ZO-1 was the most highly interactive gene in the human TJ network, exhibiting 26 functional interactions with other TJ genes while occludin and claudin exhibited 12 and 9 functional interactions with other TJ genes respectively ( Figure 3A) . Additional construction of network interaction diagrams between tight junction and anti-viral response genes illustrated multiple, complex interactions and identified IL15 as a hub gene with high connectivity within the anti-viral network (33 connections).
Furthermore, IL15 was connected to 7 genes within the TJ network including both TJP1 and OCLN, revealing a potential regulatory mechanism of IL15 on the TJ network. (Figure 3B ).
DISCUSSION
The mechanisms that explain how HRV infection impact on the expression and regulation of tight 
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